JC virus (JCV), a human polyomavirus, infects most people early in life and in some immunocompromised individuals causes the fatal demyelinating disease progressive multifocal lqukoencephalopathy. In spite of the medical importance If JCV, many laboratories have been discouraged from studying it because a convenient cell system has not been available. Primary human fetal glial (PHFG) cells, used in the initial isolation of JCV in 1971 by Padgett and co-workers (30) , have been the cells usually used for the growth of the virus. These cells pose a number of serious problems for the virologist. (i) Fetal brain tissue is difficult to obtain in sufficient quantities on a regular basis. (ii) Cultures of PHFG cells are a mixed population of cell types composed primarily of astrocytes and spongioblasts. The latter cell is presumed to be the precursor of the oligodendrocyte, the cell in which JCV multiplies most efficiently (28) . ( iii) The ratio of astrocytes to spongioblasts varies considerably between cultures prepared at different times, and special handling is required to obtain the preferred spongioblast-rich cultures. Once "established" in culture, these cells rapidly lose their ability to support JCV replication. (iv) The lytic activity of JCV, even in PHFG cells, is inefficient; the growth cycle is prolonged, and cytopathic effects are difficult to recognize (28) . Typically, infected cells are maintained in culture for 4 to 5 weeks before virus is harvested.
From the very beginning, major efforts have been directed at finding a more suitable cell system for propagating JCV. Many kinds of cells, both primary and established lines, have been tested with little success (39a) . A few human cells (e.g., embryonic kidney, amnion, and urine-derived epithelial cells) do support JCV replication to various degrees (1, 27, 36) ; however, they also suffer from restricted availability and difficult handling. In addition, large numbers of defective virions are detected in virus pools prepared from these cells.
The need for a useful cell system for the growth of JCV in vitro prompted us to attempt to derive a permissive cell line by transforming PHFG cells with replication-defective (Ori-) mutants of JCV. This approach has been used successfully for simian virus 40 (SV40) (COS cells [11] ) and * Corresponding author. mouse polyomavirus (COP cells and Polyoma COS cells [2, 39] ). In these instances, the objective was to obtain a complementing cell system to propagate viral mutants and vectors. In our case, however, the primary goal was to derive a permanent cell line for propagating wild-type JCV. Recently Major et al. (21) transformed PHFG cells with the same SV40 mutants used to generate COS cells (12) . Significantly, these cells (designated SVG cells) support the replication of JCV to approximately the same degree as the parent PHFG cells. While offering an important alternative for the growth of JCV, we feel these cells have two serious drawbacks. First, from the studies of Major et al., it appears that the SV40 T antigen constitutively expressed in SVG cells does not interact effectively with the JCV regulatory machinery. A more serious obstacle to the practical use of SVG cells involves the possibility of recombination between the integrated SV40 sequences and input JCV DNA.
In this paper we describe the first deletion and insertion mutants of JCV constructed by site-specific mutagenesis techniques. Several of these mutants have been sequenced and their biological functions investigated. The mutants have allowed us to identify sequences required for the replication of the JCV genome.
We also report the use of Ori-mutants of JCV to establish transformed PHFG cell lines (designated POJ, for PHFG cells transformed by Ori-JCV) that support the lytic growth of JCV. Because they constitutively express a functional T protein, POJ cells complement the replication defect of JCV early-region mutants. Details of the derivation and characterization of this cell line are presented.
MATERIALS AND METHODS Cells and virus. PHFG cells were obtained from 10-to 16-week-old abortuses as described earlier (28) . Both PHFG and POJ cells were grown in Dulbecco modified Eagle (DME) medium supplemented with 10% fetal calf serum. During the DNA replication and virus production assays, the serum concentrations were reduced to 3 to 5% to prevent cells from becoming too dense and sloughing off the plates. JCV (Madl strain) was propagated in PHFG cells and purified as described by Padgett et al. (28) .
Mutant construction and analysis. The into the EcoRI site of pBR322 ( Fig. 1 ) was used to construct deletion and insertion mutants of JCV. Briefly, the plasmid was linearized by partial digestion with the restriction endonuclease HindlIl (20 ,ug (24) . Each mutant in this series was designated by the letter S (for S1 nuclease) and a number. These mutants are characterized in Table 1 .
Mutations arising from treatment with Klenow reagent were detected at nucleotides 4498 and 4914, but not 5112. As expected, the DNAs from these mutants contained an insertion (duplication) of the sequence 5'-AGCT-3'. This series of mutants was designated by the letter K (for Klenow reagent) and a number (Table 1) .
This report focuses on the characterization and use of the mutants altered at the HindlIl site at position 5112, particularly the mutants S-15 (35-nucleotide-pair [np] deletion), S-19 (11-np deletion), and S-27 (10-np deletion). In the complementation experiments outlined below, the mutant S-1, which has a 67-np deletion around nucleotide 4914 (affects large and small T proteins), will be discussed.
DNA transfection. Transfection of mammalian cells with viral DNA was done by either the modified calcium phosphate (40) or the DEAE-dextran (34) procedure. The first transfection technique was used in the transformation exper- (6, 37) . It is likely that the actual binding sites involve sequences extending to both sides of these pentanucleotide sequences. The sizes and borders of the deletions in five different ori mutants are indicated. In some instances short repeats at the deletion boundaries make positioning of the borders ambiguous. To remain consistent, borders were always drawn as far to the left (i.e., towards the early coding region) as possible. The AT-rich region containing the TATA box of the early viral promoter was not affected in any of the deletion mutants.
iments; the second method was used in the DNA replication assays.
Indirect immunofluorescence assay. At various times after DNA transfection or virus infection, cells growing on 12-mm cover slips were fixed for 90 s in a 1:1 mixture of acetone and methanol. To detect T antigen, serum from a hamster bearing a JCV-or SV40-induced tumor was added to cells for 30 min at 37°C. After the cells were rinsed with phosphatebuffered saline (PBS), fluorescein-conjugated goat antihamster immunoglobulin G (IgG) serum was added. Thirty minutes later the cover slips were rinsed with PBS and distilled water and mounted in buffered Gelvutol (10 g of polyvinyl alcohol in 40 ml of PBS and 20 ml of glycerol) on microscope slides. The same procedure was followed for capsid antigen except that rabbit anti-capsid serum was used as the first antibody and fluorescein-conjugated goat antirabbit IgG serum was the second antibody.
Viral DNA replication assay. Plasmid DNA containing a mutant or wild-type viral genome was digested with EcoRI and HhaI to yield one large fragment, representing the entire viral genome, and several small plasmid DNA fragments. The linear viral DNA was separated from the smaller fragments on a 1% agarose gel and isolated by electroelution. Viral DNA was recircularized during an overnight incubation with T4 DNA ligase at 14°C with low DNA concentrations (1 to 10 ng/,l). A portion of the self-ligated DNA was analyzed on agarose gels to determine the efficiency of ligation. DNA preparations used to transfect cells contained at least 50% circular forms. Cells were plated onto 35-mm tissue culture dishes the day before transfection at densities that would yield nearly confluent monolayers after one doubling. Transfections were performed by incubating the cells for 75 min at 37°C with 0.5 ml of DME containing DEAE-dextran (250 ,ug/ml) and 100 ng of circularized DNA. Viral DNA was extracted by the method of Hirt (13) (9, 38) . The three viral sequences differ at a single position (nucleotide 5124 in JCV). This base change disturbs the otherwise perfect symmetry in the JCV and BKV sequences and accounts for the absence of a BglI restriction site in these two DNAs. Gluzman and co-workers (12) took advantage of the BglI site present within the SV40 origin region to construct the Ori-mutants of SV40 that were used to derive the COS cell line (11) . The most convenient restriction site nearest to the center of the presumed JCV origin sequences (the symmetry extends from nucleotide 5118 to 12) is the Hindlll recognition sequence encompassing nucleotides 5112 to 5117. A diagram of this region, (Fig. 2) (34) . Low-molecular-weight DNA was extracted from the cells at several time points following transfection and subjected to the DpnI replication assay (31) (see Materials and Methods). Newly synthesized DNA could be detected as early as 3 days after wild-type JCV DNA was added to the cultures (Fig. 3) frozen for future use, their entry into crisis is not considered a serious problem. POJ cells support the lytic growth of JCV. The next step in our studies was to ask whether POJ cells had retained the ability of the parental glial cells to support the replication of JCV DNA and the propagation of JCV. To address the first part of this question, POJ-2 cells and PHFG cells were transfected with 0.1 ,ug of circular JCV DNA, and at several time points low-molecular-weight DNA was extracted from the cells and subjected to the DpnI replication assay (Fig. 4) . The cultures of primary cells were generally more dense than those of the larger POJ cells at the start of each experiment, and therefore the total number of cells per dish was determined prior to each transfection. These values were used to adjust the amount of sample applied to the agarose gels (indicated in each figure legend) so that band intensities could be considered to represent the DNA from an equivalent number of cells. Extractions at day 0 represented the amount of viral DNA still associated with the cells at the end of the transfection procedure. Results indicated that a greater amount of DNA was recovered from the POJ-2 cells than from the PHFG cells. This finding was reproducible and may reflect the larger surface area of the POJ cells or possible differences in the efficiency of DNA uptake in the two cell types. observed in the cell number of both DNA-and mock-transfected POJ cultures, and this decline was very apparent by 3 weeks. The data show that the amount of DNA synthesized by 21 days had continued to increase in both cell types; however, by this time the amount of DNA extracted from the PHFG cells had begun to surpass that obtained from POJ-2 cells.
The POJ-2 cells used in this experiment had a relatively high passage number (ca. passage 35) and were within a few generations of crisis. We suspected that POJ cells from earlier passages might have a better chance of surviving the entire course of the replication experiment and that such cells would presumably accumulate greater quantities of replicated viral DNA at the later time points. To pursue this possibility, POJ-2 cells (ca. passage 35) and uncloned POJ-27 cells (passage 12) were transfected with wild-type JCV DNA and tested for their ability to support viral DNA replication (Fig. 4b) . Results similar to those obtained for the POJ-2-PHFG cell comparisons (Fig. 4a) (Table 2) . Virus from the 28-day harvest of one experiment was passed through four additional serial passages of POJ-19 and POJ-27 cells in 25-cm2 flasks. The final virus yield was a 10,000-fold increase in POJ-19 and a 5,000-fold increase in POJ-27 over the original virus inoculum, demonstrating that the cells produced complete infectious virus. POJ cells support DNA replication of JCV carrying a lethal early-region mutation. The primary reason for deriving POJ cells was to obtain a permanent cell line that could be used to propagate wild-type JCV. However, if these cells constitutively expressed a functional T protein, they would also be useful for complementing the growth of JCV mutants carrying a lethal early-region mutation. To investigate this possibility, we made use of the JCV mutant S-1, which failed to induce detectable T antigen production in PHFG cells (Table  1 ). The DpnI assay was used to determine the replicative ability of S-1 DNA in PHFG and POJ-2 cells. As expected, S-i DNA did not replicate in PHFG cells; however, newly synthesized viral DNA was detected in POJ-2 cells, indicating that a functional T protein was present in the transformed cells (Fig. 5) . Although replicated viral DNA was detected in the POJ-2 cells, the amount of DNA was significantly lower than that following transfection with wild-type JCV DNA. Substituting POJ-19 or POJ-27 celis for the POJ-2 cells in these experiments did not raise the levels of replicated S-1 DNA observed at the later time points (data not shown).
Integration patterns of JCV DNA in cloned POJ cells. The presence of S-19 and S-27 DNA in POJ-1 and POJ-2 cells, respectively, was examined by the approach of Botchan et al. (3) and Ketner and Kelly (17) . Results from these experiments revealed complex integration patterns of JCV DNA in the cellular genomes of these two cell lines. When restriction enzymes were used that did not cleave the parental DNAs (e.g., Bcll and EcoRV), each band resolved on the blot represented at least one independent integration event. Both POJ-1 and POJ-2 cells had viral DNA integrated into the cellular DNA at four or more sites (Fig. 6a) . DNA fragments comigrating with the supercoiled and nicked circular forms of the parental plasmids were not detected, suggesting that free episomal viral DNA was absent in the cells. At least three of the integrated sequences in POJ-1 cells and one in POJ-2 cells were shorter than the transforming DNA. To investigate the nature of the insertions further, cellular DNA was digested with restriction enzymes that cleaved the parental DNAs once (Fig. 6b) . BstXI and BamHI cut within the early coding region of JCV, while BstEII cuts within the late coding sequences. Scal cleaves the pBR322 vector only. The large number of bands observed on blots representing the BstXI-and BamHI-digested samples suggested that most of the viral inserts retained these two restriction sites. It is possible that several of these inserts contained an intact copy of the JCV early region and might therefore specify functional T proteins. The BstEII and ScaI digests were less complex, suggesting that several of the integrated viral copies were missing these restriction sites. On the basis of these results with single-cutting enzymes, it appears that the integration of viral DNA in POJ cells frequently involved sequences from the late coding region of the virus or from the plasmid vector.
Digestion of S-19 and S-27 plasmid DNAs with PvuII yielded four fragments, one of which contained the entire JCV early coding region (2.5 kilobase [kb] fragment). Cleavage of POJ-1 and POJ-2 cellular DNA with this restriction enzyme gave a strong 2.5-kb band (data not shown), supporting the assumption that several intact copies of the entire early region are present in the POJ-1 and POJ-2 cellular 
DISCUSSION
The studies presented here describe our attempts to establish a permissive cell line for the propagation of the human polyomavirus JCV. Although our approach paralleled that taken by Gluzman (11) in deriving COS cells, its success was difficult to predict because of several problems inherent to the JCV system. To derive a JCV COS cell equivalent, three requirements had to be met: origindefective mutants had to be constructed, PHFG cells had to be transformed by the mutant DNAs, and the cells had to retain their permissivity for JCV. Although the JCV ori sequences had not been defined precisely, we expected that the first step would be straightforward. Problems associated with steps two and three were considered more serious obstacles to the establishment of a useful cell line. These problems included the highly inefficient transforming activity of the virus (10, 15) (4) . An additional problem with the SVG cell line is the possibility of recombination occurring between the integrated SV40 genome and the input JCV DNA. It has been shown that recombinant viruses do arise when SV40 mutants are propagated in COS cells (11, 16, 18, 33) ; the extensive homology between JCV and SV40 may also favor these recombination events. Our results with JCV-SV40 hybrid viruses constructed in vitro indicate that, should recombinants arise in SVG cells, some will be viable and may have a selective growth advantage over the input JCV. Because of the immunological cross-reactivity of many of the JCV and SV40 proteins, it might not be possible to identify such recombinants without close examination of the viral DNA by molecular biological methods. POJ cells represent the first permissive cell system for JCV that constitutively produces a wild-type JCV large-T protein. In combination with COS and SVG cells, POJ cells form a useful collection of cell lines for investigating DNAprotein interactions of the closely related viruses JCV and SV40. This is especially relevant now, since recent studies indicate that the JCV T protein interacts less efficiently than its SV40 and BKV counterparts with homologous and heterologous polyomavirus regulatory sequences (4) .
As with COS cells, the POJ cell lines will be used to propagate viruses carrying lethal early-region mutations. Although the present studies demonstrated the ability of POJ cells to support DNA replication of the JCV T-antigen mutant S-1, the replication efficiency of the DNA was significantly lower than that of wild-type JCV DNA. It will be necessary to test additional early JCV mutants in these cells to determine whether this result is a consequence of the cell system or the particular mutant. The first possibility seems unlikely; immunoprecipitation and Si nuclease analyses indicate that authentic-sized JCV T antigen is produced and the proper mRNA start sites are utilized in POJ cells (22) . This information, together with the viral DNA integration data presented in this paper, suggests that POJ cells express significant levels of an unaltered T protein, and therefore the cell system is probably not responsible for the reduced replication of S-1 DNA. It is possible that this mutant produces a nonfunctional T polypeptide that is not detected in transfected cells by immunofluorescent staining. Such a polypeptide might be capable of interfering with viral DNA replication by forming inactive oligomers with wildtype T protein monomers.
Southern blot analysis of POJ-1 and POJ-2 cells revealed that integration of viral sequences into the host genomes occurred at a minimum of four to five unique sites. Similar complex patterns have been reported to occur in JCVtransformed hamster cell lines and tumors (22, 25, 41) . In parallel studies, the SV40 transformants frequently exhibited simpler integration patterns. It is possible that JCV transformation requires multiple integration events; if this is found to be a prerequisite, it might explain the poor transforming activity of JCV, since the probability of multiple integation events would likely be low.
The JCV mutants and POJ cell lines described in this report should allow us to pursue new avenues of study for this poorly understood yet medically important polyomavirus. We believe that POJ cells will greatly facilitate the study of this virus and that the availability of these cells will encourage others to undertake JCV research.
